Abstract
Introduction

22
Tomatoes are usually consumed in a processed form, such as juice and pasta sauce, being viscosity 23 one of the most important quality parameters. Viscosity is influenced by the concentration and 24 type of cell wall polymers in the serum and pulp fraction (Kalamaki et al., 2012) . Therefore, 25 enzymes such as pectinmethylesterase (PME) and polygalacturonase (PG), involved in the 26 breakdown of pectins (Anthon et al., 2002) , should be inactivated during processing. PME 27 catalyzes pectin demethylation while PG hydrolyses the α-1,4-glycosidic bonds of the 28 polygalacturonic acid chain. In this regard, two different effects of PME action on PG action have 29 been described in the literature. On the one hand, partial demethylated pectin can bind bivalent 30 calcium ions to form insoluble calcium pectate gels leading to a loss of juice cloud in a pH 31 dependent manner (Croak and Corredig, 2006) . This cross-linked network also shows a higher 32 resistance to PG attack, increasing viscosity. On the other hand, the lower the degree of 33 esterification of the pectin molecules, the better substrate for PG they are, leading to the 34 depolymerization of cell wall pectin chains and therefore a reduction in viscosity (Andreou et al., 35 2016; Crelier et al., 2001 ). Coldbreak and hot break thermal treatments are traditionally used in 36 the tomato industry. Coldbreak treatment, by using temperatures around 60ºC, yields tomato 37 products with a good retention of color and taste, but enzymes such as PME and PG are not 38 completely inactivated and this fact is related to the low viscosity of coldbreak-treated products 39 (Anthon et al., 2002) . Hotbreak treatments, by using temperatures around 85-90ºC, get the 40 inactivation of PG and PME. It is applied for the production of tomato products with high viscosity, 41 but it results in loss of flavor, browned color and nutritional degradation (Wu et al., 2008) .
proposed as an alternative non-thermal pasteurization. Typically, operating pressure does not 46 exceed 50 MPa and temperature ranges between 20 and 50 ºC, below pasteurization temperature (Briongos et al., 2016) . HPCD has been mainly applied to liquid foods such as fruit and vegetables 48 juices (Amaral et al., 2018; Briongos et al., 2016; Illera et al., 2018) and dairy products (Amaral 49 et al., 2017) .
50
To our knowledge, no previous studies on HPCD treatment of tomato juice have been found in the 51 literature. Other non-thermal technologies have been applied to inactivate some of the deleterious 52 enzymes in tomato juice. Most of the studies were focused on the use of high pressure processing 53 (HPP), observing a different behavior for both enzymes with pressure. Generally, it was found that 54 PME was more pressure resistant while PG can be inactivated at moderate pressure and 55 temperature by HPP (Andreou et al., 2016; Crelier et al., 2001; Fachin et al., 2003; Hernández and 56 Cano, 1998; Houben et al., 2014; Hsu, 2008; Van Den Broeck et al., 2000) . Other studies can be 57 also found in the literature that employ other different non-thermal treatments, such as electric 58 processing, cold plasma, membrane processing, ultrasound and ultraviolet irradiation (Bevilacqua 59 et al., 2018).
60
The main objective of this work was to study the effect of HPCD on PME and PG inactivation 61 from Canario tomato juice on a kinetic basis. Control samples of tomato juice treated in the same 62 temperature range at atmospheric pressure, were studied in parallel. Additionally, enzyme 63 inactivation was compared with results obtained by HPP performed at Hiperbaric (Burgos, Spain).
64
The effect of HPCD on other quality parameters of tomato juice such as particle size distribution centrifuged at 7500 g for 10 min, the supernatant was replaced by cold distilled water (1:1) 117 adjusted to pH = 3 with 0.1 M HCl and mixed for 30 min. After centrifuging at 9000 g for 20 min, 118 the supernatant was removed and PG was extracted from the pellets with 1.2 M of NaCl (1:1) for 119 1 h. Subsequently the mixture was centrifuged at 18200 g for 10 min and the supernatant was 120 collected to determine the PG activity. 0.2 mL of the extracted enzyme solution were mixed with 121 0.6 mL of a 0.2 % polygalacturonic acid solution at 35ºC for 10 min. Polygalacturonic acid was 122 prepared in a acetate buffer solution 0.05 M (pH = 4.5). 4 mL of 0.1 M borate buffer solution (pH 123 = 9) and 0.8 mL of 1% cyanoacetamide were added to the mixture to stop the reaction and boiled 124 in sealed bottles for 10 min. After cooling, absorbance was measured at 276 nm using a Jasco V-125 750 spectrophotometer equipped with a Peltier thermostated cell holder and a water pump to keep 126 the temperature constant at 30 ºC.
127
Each enzyme activity was measured at least in duplicate. Relative residual enzyme activities were 128 evaluated as the ratio of the measured activity after treatment, A, and the enzyme activity before 
Kinetic data analysis
153
Enzyme inactivation by applying pressure and/or temperature has been described in the literature 154 by different models, such as the first order, two-fraction, fractional-conversion and Weibull 155 models. In this work, PG inactivation data were fitted to the fractional conversion model, while 156 the Weibull model described PME inactivation data.
where A o is the initial activity of the enzyme, A is the residual activity at different treatment times,
161
A  is the non-zero activity after prolonged heating and/or pressure treatment, k is the inactivation 162 rate constant of the inactivated fraction at the operating conditions (min -1 ) and t is the treatment 163 time, min. By plotting A versus treatment time at constant pressure and temperature, the 164 inactivation rate constant, k, and the remaining activity, A  , can be estimated by nonlinear 165 regression analysis (Hu et al., 2013) .
166
From the decimal reduction time, D, treatment time needed to achieve a 90 % inactivation of the 167 initial enzyme activity at a certain operating pressure and temperature, z T and z P (temperature and 168 pressure increase needed for a 90% reduction of the D value, respectively) were evaluated as the 169 negative reciprocal slope of the regression line of log D as function of T or p respectively:
The dependence of the inactivation rate constant on temperature and pressure can be expressed 171 through the Arrhenius and Eyring equations respectively:
where p 2 , p 1 , T 2 and T 1 are pressures and temperatures corresponding to the decimal reduction 175 times D 1 and D 2 or constants k 1 and k 2 , respectively, R is the universal gas constant, E a , the 
189
To estimate the kinetic parameters for the different models essayed in this work, non-linear 190 regression was performed by using the Marquardt algorithm (Statgraphics X64). 
3.
Results and discussion However, in this case, tomato PME was not in its natural media but as commercial lyophilized complete PME inactivation at 20 MPa.
256
According to van Boekel (Van Boekel, 2002) , the scale parameter, α, could be modelled in a 257 similar way to the classical D value of the first order kinetic model, suggesting a linear dependence 258 of the log α on temperature and considering that the shape parameter, , did not depend on 259 temperature:
Although, in this work  was statistically significant dependent on temperature when tested at the 
278
In this work, a linear dependence of the log α on pressure was also found, being the shape 279 parameter not statistically significant dependent on pressure, when tested at the 95% significance 280 level for a linear relationship:
the inverse of the slope of log α versus p was also evaluated. Analogous to z' T , z' p was defined:
z' p value was evaluated as 43 ± 3 MPa. Comparing z' T and z' p values for PME it can be concluded 285 that PME was more sensitive to changes in temperature than in pressure. An Eyring type equation 286 was considered to relate the inverse of the scale parameter, 1/α, with pressure. Although 1/α is not this parameter indicated that PME inactivation was favored by increasing operating pressure.
289
Although this value is much higher (lower in absolute value) than other V a reported in the literature 
3.2
Thermal and HPCD inactivation of PG
293
The inactivation kinetics of PG at atmospheric pressure are shown in Figure 1b in 
348
This can be also observed in the values of z T presented in Table 2 and d v (0.9) that progressively decreased by increasing operating pressure (Table 3) .
369
This fact has been explained in terms of the homogenization effect caused by HPCD treatment due 370 to several reasons, such as high internal stress surpassing the tensile strength of the particles when 371 CO 2 is removed from the vessel (Niu et al., 2010) . This effect has been also observed in other 372 juices treated by HPCD such as orange or apple juice (Briongos et al., 2016; Illera et al., 2018) .
373
The PSD changes of tomato juice caused by HPCD could involve modifications of the properties respectively. However, this increase is not very important and it can be concluded that colloid 384 stability is not modified after HPCD treatment. 
Enzyme inactivation by HPP.
386
Enzyme inactivation data obtained by HPCD were compared with data obtained by using high 387 hydrostatic pressure treatment ( Figure 5 ). At the standard operating conditions at Hipebaric, PME 388 activity of tomato juices (HPP-Air sample) was not affected by HPP, with a residual activity of 389 104 ± 7%. These results agree with the literature that reported tomato PME was very resistant to 390 pressure up to 800 MPa (Crelier et al., 2001; Tangwongchai et al., 2000) . Other authors even found 391 an increase on PME activity with pressure in the range from 335 to 500 MPa, with a higher 392 efficiency for PME inactivation of low pressure/mild temperature treatments (150 MPa/30ºC)
393
( Hernández and Cano, 1998) .
394
In the literature, it has been described a positive interaction of pressure with the presence of CO 2 395 in the sample, which could destroy or damage the structure of the enzyme (Ortuño et al., 2013) .
396
However, at the working conditions of 600 MPa, the presence of CO 2 did not bring an important 397 additional inactivation of tomato PME, with a PME residual activity of the carbonate sample of 398 96 ± 4 %. This indicated that there was no significant interaction between HPP and CO 2 . Slightly 399 lower PME residual activity was obtained in the sample HPP-N 2 . However, this difference might 400 be considered practically unimportant since still high residual activity was observed. 
